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We have discovered a novel function of the SV40 T antigen and the adenovirus E1A proteins: the ability to downregulate
the endogenous expression of an important detoxification enzyme, glutathione S-transferase alpha (GSTa). GSTa mRNA is
much less abundant in rat and human cells that express SV40 T antigen than in the parental cell lines. This GSTa downregula-
tion does not require expression of SV40 small t antigen or complex formation between large T antigen and p53, p300, or
the pRb family of proteins. As might be predicted, cells that express SV40 T antigen are more sensitive than normal cells
to alkylating drugs, which GSTa is known to detoxify. Finally, GSTa expression is also downregulated in cells that express
the adenovirus E1A proteins. We propose that by downregulating GSTa expression and inactivating p53 function, SV40 and
adenovirus may contribute to the initiation of, or the progression toward, malignancy. Thus, in their quest to establish
persistent infections, these viruses may inadvertently make the cellular environment more permissive for tumorigenesis.
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INTRODUCTION tablished line of Fischer rat fibroblasts). When we com-
pared the partial nucleotide sequence of one of our can-
Glutathione S-transferases (GSTs) are members of a
didate cDNAs with sequences in GenBank, we found it
large family of enzymes that catalyze the conjugation
to be identical to the gene for the Yc1 isoform of the rat
of glutathione (a tripeptide) with a diverse collection of
liver alpha class glutathione S-transferase (GSTa) (Tu et
electrophilic compounds, many of which can mutate
al., 1984). We report here that endogenous GSTa mRNA
DNA. These potential mutagens can be generated en-
expression is dramatically reduced in cells that express
dogenously, as normal byproducts of cellular metabo-
either SV40 T antigen or the adenovirus (Ad5) E1A pro-
lism, or may arise from exogenous sources, including
teins. We propose that by reducing the levels of an im-
environmental carcinogens and drugs used for cancer
portant detoxification enzyme, GSTa, these viruses make
therapy. For example, aflatoxin B1 , the product of a mold the cells they infect more permissive for tumorigenesis.
present in improperly stored foodstuffs, is a frequent con-
taminant in the food supply of some Third World coun-
MATERIALS AND METHODS
tries. After entering the cell, aflatoxin B1 is converted by
cytochrome P-450 to an epoxide that can react with DNA Plasmids and cells
to cause mutations which may lead to cancer. Indeed,
F111 cell lines that express either wild-type SV40 T
the high incidence of liver cancer in humans who are
antigen, the T147D mutant T antigen, or the adenovirus
exposed to aflatoxin B1 is well documented (McGlynn et (Ad5) E1A proteins have been described elsewhere
al., 1995). Fortunately, GSTs can catalyze the conjugation
(Sompayrac et al., 1996). To derive pools of cells that
of glutathione with this epoxide, thereby producing a
express SV40 T antigens or the adenovirus E1A proteins,
compound that is no longer mutagenic, and which, be-
we cotransfected either F111 rat fibroblasts or human
cause it is water soluble, can be excreted in the urine
HepG2 liver cells with a plasmid, pSVneo (Southern and
or bile. The importance of GSTs in detoxification of en-
Berg, 1982), that confers resistance to the antibiotic,
dogenous and exogenous mutagens is suggested by the
G418, together with a fivefold excess of a plasmid that
fact that GSTs represent about 4% of the cytosolic protein
expresses the desired tumor antigen. Two days after
in human liver cells (van Ommen et al., 1990).
transfection, we began G418 selection, and 8 days later
We have been using a modification of the mRNA differ-
we pooled the G418-resistant colonies. We then used
ential display technique (Liang and Pardee, 1992; Som-
immunofluorescence staining to estimate the fraction of
payrac et al., 1995) to identify genes whose expression
cells in the transfected pool that expresses the desired
is downregulated in SV40-transformed F111 cells (an es-
protein (typically greater than 90%). Expression plasmids
used to produce these pools were as follows: FWT-P and
HEPWT-P—SV40 early region expressed from the SV401 Fax: (303) 492-7744. E-mail: laurens@colorado.edu.
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early promoter; F883-P—dl883 (Shenk et al., 1976); ern blot of RNA from these pools, we again found that
GSTa mRNA is much less abundant in cells that expressFT147D-P—SRT147NS (Sompayrac and Danna, 1989);
HePT147D-P—T147D mutant T antigen (Sompayrac and SV40 T antigen than in mock-transfected cells (Fig. 1c).
Danna, 1989) expressed from the SV40 early promoter;
GSTa downregulation does not require p53 or p300FE1A-P—pMTEBE1A (Zerler et al., 1986); and FD2H-P—
bindingD2H coding sequence from pATD2H (Yaciuk et al., 1991)
expressed from a modified SV40 early promoter (Takebe One way that SV40 T antigen is thought to usurp con-
trol of infected cells is by forming complexes with cellularet al., 1988).
proteins such as the p53 tumor suppressor or the p300
Mechlorethamine toxicity assay coactivator protein (Lane and Crawford, 1979; Lill et al.,
1996; Linzer and Levine, 1979). To test whether GSTaWe plated the cells to be tested into 100-mm dishes
downregulation requires that T antigen interact with p53at 7.5 1 104 cells per dish, and the next day added
or p300, we examined GSTa expression in a pool ofeither various amounts of a 0.7 mM stock solution of
F111 cells transfected with an SV40 mutant, T147D, thatmechlorethamine dissolved in DMSO or DMSO alone as
encodes a fragment of the SV40 large T antigen compris-a control. Three days later, we rinsed the cultures to
ing amino acids 1–147, but does not encode small tremove dead cells, trypsinized the cells, and counted the
antigen (Sompayrac and Danna, 1988). The T147D pro-survivors.
tein, which is stably expressed, can induce cellular DNA
synthesis in quiescent fibroblasts (Sompayrac andWestern blot
Danna, 1994), and can transform precrisis rat embryo
We plated the cell lines to be tested onto duplicate fibroblasts and established rodent cell lines (Sompayrac
dishes, and when the cells were slightly subconfluent, and Danna, 1988, 1989, 1991, 1992). Importantly, the
we counted the cells on one dish and extracted protein large T antigen sequences required for p53 or p300 bind-
from the cells on the duplicate dish. We subjected the ing are not included in the T147D protein (Lill et al., 1996;
lysates from equal numbers of cells to polyacrylamide Schmeig and Simmons, 1988). Figure 1d shows that
gel electrophoresis, blotted the proteins onto an Immobi- GSTa mRNA is much less abundant in a pool of F111
lon-P (Millipore) filter, and used an ECL kit (Amersham) cells that express the T147D mutant T antigen than in
to visualize the proteins. the parental cells. Thus, GSTa downregulation requires
neither the expression of small t antigen nor the binding
RESULTS of large T antigen to p53 or p300.
SV40 T antigen downregulates endogenous GSTa Binding of SV40 T antigen to pRb family members is
expression not required for GSTa downregulation
SV40 T antigen also forms complexes with membersWe used the GSTa cDNA fragment obtained from our
differential display experiments to probe Northern blots of the pRb family of tumor suppressor proteins (DeCaprio
et al., 1988). To test whether this binding is required forof RNA from either normal F111 cells or from transformed
F111 cells that express either SV40 large T and small t GSTa downregulation, we prepared a pool of F111 cells
that expresses an SV40 mutant T antigen, D2H, whichantigens (Fig. 1a) or SV40 large T antigen alone (Fig.
1b). These blots confirm that GSTa mRNA is much more is missing amino acids 101–118. Because of this large
deletion, the D2H T antigen fails to bind the Rb family ofabundant in the parental F111 cells than in the SV40-
transformed lines and demonstrate that expression of proteins (Yaciuk et al., 1991). The D2H construct also
does not make small t antigen. Figure 1e shows thatSV40 small t antigen is not required for GSTa downregu-
lation. To rule out the possibility that we had fortuitously GSTa mRNA is less abundant in D2H-expressing cells
than in the parental F111 line. This downregulation isselected unusual cell lines in which GSTa expression
is downregulated, we examined pools of independently significant, but is not as dramatic as that observed with
F111 cells which express wild-type T antigen, probablytransfected F111 cells that express T antigen. To produce
these pools, we cotransfected F111 cells with a plasmid because less T antigen is expressed in the D2H-trans-
fected pool than in the wild-type-transfected pool (Fig.that confers resistance to the antibiotic, G418, together
with an excess of a plasmid that encodes either SV40 2). These results indicate that binding of T antigen to
pRb and its family members is not required for GSTalarge and small T antigens or large T antigen alone. We
then treated the cultures with G418 to select cells that downregulation.
had been successfully transfected and pooled several
SV40 T antigen downregulates GSTa expression inhundred colonies arising from each transfection. Thus,
human cellsby examining a pool of transfected cells, we were able
to test the average expression of GSTa in hundreds of In humans, there are three main classes of GSTs:
a, m, and p. These GSTs are found in varying relativeindividually transfected cells. When we probed a North-
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FIG. 1. Northern blot analysis of cellular RNA expression. We subjected 2 mg of poly(A)/ RNA (a–c,e,h–j) or 7 mg of total RNA (d,f,g) from the
indicated cell lines to electrophoresis on 1% agarose-formaldehyde gels, blotted the RNAs onto Nytran filters (Schleicher and Schuell), and probed
the blots with 32P-labeled GSTa or GSTm cDNA (as indicated) or with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) DNA as a loading
control. (a) Normal F111 rat cells and F111-derived lines that express SV40 large and small T antigens (FWT-1 and FWT-2). (b) F111 cells and F111-
derived lines that express only the SV40 large T antigen (F883A-D). (c) Pools of F111 cells transfected with a neo plasmid plus pUC19 DNA (FNeo)
or plasmids that express SV40 large and small T antigens (FWT-P) or only the SV40 large T antigen (F883-P). (d) F111 cells and a pool of F111-
derived cells that express the T147D mutant T antigen (FT147D-P). (e) F111 cells and a pool of F111-derived cells that express the D2H T antigen
(FD2H-P). (f) HepG2 cells and a pool of HepG2 cells that express the SV40 T antigens (HEPWT-P). (g) HepG2 cells and a pool of HepG2 cells that
express the T147D mutant T antigen (HePT147D-P). (h) F111 cells and an F111-derived line that expresses the Ad5 E1A proteins (FE1A). (i) F111
cells and a pool of F111-derived cells that express the Ad5 E1A proteins (FE1A-P). (j) Rat glial (9L) cells (Geyer and Landay, 1983) and a 9L-derived
cell line (3D) that expresses the adenovirus (Ad5) E1 proteins (T. Walker and J. Cook, unpublished).
concentrations in different tissues and organs. In the downregulation by SV40 T antigen is not a phenomenon
restricted to rodent cells.kidney and the liver, the most abundant human GST
isoforms are alpha class GSTs, and these are highly After GSTa, the next most abundant GST isoform in
homologous to the rat alpha class Yc1 GST (Hayes et human liver is GSTm. Interestingly, about 50% of humans
al., 1994; Suzuki et al., 1993). To test whether SV40 T lack a functional gene for GSTm, and it has been postu-
antigen can downregulate the expression of human lated that in these people, GSTa may be upregulated to
alpha class GSTs, we transfected the human liver cell compensate for the loss of the m isoform. To test whether
line, HepG2, with either a plasmid that expresses the SV40 T antigen also downregulates GSTm, we used a
SV40 large and small T antigens or a plasmid that en- GSTm cDNA to probe Northern blots of RNA from F111
codes the T147D mutant T antigen. We selected pools (Fig. 1c) and HepG2 cells (Fig. 1f) that express T antigen,
of transfected cells that express these proteins, and and found that GSTm expression is not downregulated.
examined GSTa mRNA levels by Northern blotting. Fig- We also tested several other detoxification enzymes, in-
ures 1f and 1g show that the level of GSTa mRNA is cluding rat liver quinone reductase, superoxide dismu-
dramatically reduced in HepG2 cells that express either tase, glucose-6-phosphate dehydrogenase, and glutathi-
one peroxidase. The RNAs of all these enzymes werewild-type or mutant T antigen, demonstrating that GSTa
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et al., 1989; Lillie et al., 1986; Stein et al., 1990). Thus, it
seemed possible that, like SV40 T antigen, the E1A pro-
teins might be able to downregulate GSTa expression.
To test this, we used Northern blotting to examine GSTa
mRNA levels in a clonal line of E1A-expressing F111
cells and in a pool of F111 cells that express the E1A
FIG. 2. Relative levels of T antigen in transfected pools. We isolated proteins. In both cases, GSTa mRNA is much less abun-
protein from equal numbers of F111 cells or pools of F111 cells that dant in the E1A-expressing cells than in the parental
express various T antigens and subjected the proteins to Western
F111 cells (Figs. 1h and 1i). We also tested a rat gliomablotting, using a monoclonal antibody, Pab419, that recognizes T anti-
cell line (9L) and its Ad5 E1-expressing derivative (3D)gen (Harlow et al., 1981).
and found that GSTa expression is downregulated in the
3D line (Fig. 1j).
as abundant in SV40-transformed F111 cells as in the
parental line (data not shown). Thus, there does not ap- DISCUSSION
pear to be a general downregulation of detoxification
In summary, we find that endogenous GSTa expres-enzymes by SV40.
sion is downregulated in cells that express either wild-
type SV40 T antigen or various mutant T antigens thatCells that express SV40 T antigen are more sensitive
do not bind pRb, p53, or p300. Expression of SV40 smallto alkylating agents
t antigen is also not required for GSTa downregulation.
Frequently, when malignancies are treated with anti- The simplest interpretation of these results is that GSTa
cancer drugs, a subpopulation of the cancer cells devel- expression is downregulated by an SV40 function located
ops resistance to killing by these drugs. This acquired in its amino-terminal 147 amino acids—a function that
resistance can represent a significant problem in cancer does not involve pRb binding. In this regard, it is interest-
therapy. There are several mechanisms responsible for ing to note that Dr. David Livingston and his colleagues
acquired resistance, and one of them involves detoxifica- have reported that the amino-terminal 82 amino acids
tion of chemotherapeutic drugs by GSTs. Indeed, GSTa of SV40 large T antigen can inhibit c-fos expression in
expression has been shown to decrease sensitivity to a transient transfection assays (Wang et al., 1994). Thus,
number of anticancer drugs, including adriamycin, mel- it is possible that the downregulation of endogenous
phalan, chlorambucil, cisplatin, and BCNU (Black et al., GSTa expression we observe is mediated by the same
1990; Evans et al., 1987; Puchalski and Fahl, 1990). Be- SV40 function that transrepresses the c-fos promoter.
cause SV40 downregulates GSTa expression, we would
expect that cells expressing SV40 T antigen would be
less resistant to drugs that the alpha class GSTs can
detoxify. To test this, we treated F111 cells or pools of
F111 cells that express either wild-type SV40 large and
small T antigens or the T147D mutant T antigen with
various concentrations of mechlorethamine, an alkylating
agent known to be detoxified by GSTa. Figure 3 shows
that the parental F111 cell line is significantly more resis-
tant to mechlorethamine than are pools of cells express-
ing the SV40 T antigens. We observed a similar increase
in sensitivity when F111 cells that express either wild-
type T antigen or the T147D protein were treated with
two other alkylating agents, chlorambucil and BCNU (not
shown). These data are compatible with the hypothesis
that by downregulating GSTa expression, SV40 makes
cells more sensitive to the effects of endogenous and
exogenous mutagens.
Adenovirus E1A proteins downregulate GSTa
FIG. 3. Effect of various doses of mechlorethamine on cell survival.expression
We added varying amounts of mechlorethamine to exponentially grow-
ing cultures of F111 cells or to pools of F111 cells that express eitherIn transformation, the adenovirus E1A proteins appear
wild-type SV40 T antigens or the T147D protein. Three days later, we
to be functionally quite similar to SV40 T antigen, and counted the survivors. Error bars for experiments with T antigen-ex-
the E1A proteins are known to repress transcription of a pressing cells are similar to those shown for F111 cells, but we have
omitted them for clarity of presentation.number of cellular genes (Dorsman et al., 1995; Jelsma
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ependymomas and choroid plexus tumors of childhood. New Engl.We also demonstrated that downregulation of GSTa
J. Med. 326, 988–993.expression in cells that express SV40 T antigen corre-
Black, S. M., Beggs, J. D., Hayes, J. D., Bartoszek, A., Muramatsu, M.,
lates with increased sensitivity to alkylating drugs such Sakai, M., and Wolf, C. R. (1990). Expression of human glutathione
as mechlorethamine, BCNU, and chlorambucil. Because S-transferases in Saccharomyces cerevisiae confers resistance to
the anticancer drugs adriamycin and chlorambucil. Biochem. J. 268,these are drugs that GSTa is known to detoxify, this
309–315.finding suggests that by downregulating GSTa expres-
Carbone, M., Pass, H. I., Rizzo, P., Marinetti, M., Di Muzio, M., Mew,sion, SV40 makes cells more sensitive to the effects of
D. J. Y., Levine, A. S., and Procopio, A. (1994). Simian virus 40-like
mutagenic compounds. DNA sequences in human pleural mesothelioma. Oncogene 9, 1781–
Finally, we showed that GSTa expression is also 1790.
Carbone, M., Rizzo, P., Procopio, A., Giuliano, M., Pass, H. I., Gebhardt,downregulated in cells that express the adenovirus E1A
M. C., Mangham, C., Hansen, M., Malkin, D. F., Bushart, G., Pompetti,proteins. This demonstrates that SV40 is not the only
F., Picci, P., Levine, A. S., Bergsagel, J. D., and Garcea, R. L. (1996).virus capable of downregulating GSTa expression and
SV40-like sequences in human bone tumors. Oncogene 13, 527–
suggests the interesting possibility that other DNA vi- 535.
ruses (e.g., the closely-related human virus, BK) may also DeCaprio, J. A., Ludlow, J. W., Figge, J., Shew, J.-Y., Huang, C.-M., Lee,
W.-H., Marsilio, E., Paucha, E., and Livingston, D. M. (1988). SV40have this ability.
large tumor antigen forms a specific complex with the product of theTo our knowledge, this is the first report that SV40 T
retinoblastoma susceptibility gene. Cell 54, 275–283.antigen and the adenovirus E1A proteins downregulate
Dorsman, J. C., Hagmeyer, B. M., Veenstra, J., Elfferich, P., Nabben, N.,
the expression of a gene involved in the detoxification Zantema, A., and van der Eb, A. (1995). The N-terminal region of the
of endogenous mutagens and environmental carcino- adenovirus type 5 E1A proteins can repress expression of cellular
genes via two distinct but overlapping domains. J. Virol. 69, 2962–gens. In their natural hosts, these viruses establish per-
2967.sistent infections either in the kidney (SV40 and adenovi-
Evans, A. S. (1991). ‘‘Viral Infections of Humans. Epidemiology and Con-rus), which is exposed to high concentrations of blood-
trol’’ (A. S. Evans, Ed.), 3rd ed., p. 139. Plenum, New York.
borne mutagens, or in the tonsils, the respiratory tract, Evans, C. G., Bodell, W. J., Tokuda, K., Doane-Setzer, P., and Smith,
and the gut (adenovirus), which are in direct contact with M. T. (1987). Glutathione and related enzymes in rat brain tumor
cell resistance to 1,3-bis (2-chloroehtyl)-1-nitrosourea and nitrogenthe mutagenic environment. We propose that by down-
mustard. Cancer Res. 47, 2525–2530.regulating GSTa expression in cells in which they estab-
Geyer, S. J., and Landay, A. (1983). Immunogenic and immunologiclish a persistent infection, DNA tumor viruses make these
aspects of gliosarcoma growth in rats. Lab. Invest. 49, 436–444.
cells less able to detoxify mutagenic compounds. This Harlow, E., Crawford, L. V., Pim, D. C., and Williamson, N. M. (1981).
increased susceptibility to mutation, coupled with the Monoclonal antibodies specific for simian virus 40 tumor antigens.
J. Virol. 39, 861–869.abrogation of the p53 surveillance function (which is also
Hayes, J. D., Nguyen, T., Judah, D. J., Petersson, D. G., and Neal, G. E.a feature of infection with these viruses) increases the
(1994). Cloning of cDNAs from fetal rat liver encoding glutathione S-probability that infected cells will accumulate the muta-
transferase Yc polypeptides. J. Biol. Chem. 269, 20707–20717.
tions required for progression to malignancy. Thus, in Jelsma, T. N., Howe, J. A., Mymryk, J. S., Evelegh, C. M., Cunniff, N. F. A.,
their quest to establish persistent infections, these vi- and Bayley, S. T. (1989). Sequences in E1A proteins of human adeno-
virus 5 required for cell transformation, repression of a transcriptionalruses may inadvertently act as cocarcinogens, by modi-
enhancer, and induction of proliferating cell nuclear antigen. Virologyfying the cellular environment to make it more permissive
171, 120–130.for tumorigenesis. Given that most humans have been
Lane, D. P., and Crawford, L. V. (1979). T antigen is bound to a host
infected with one or more adenovirus serotypes (Evans, protein in SV40-transformed cells. Nature 278, 261–263.
1991), and that recent data suggests SV40 infection of Lednicky, J. A., Garcea, R. L., Bergsagel, D. J., and Butel, J. S. (1995).
humans may be more prevalent and less benign than Natural simian virus 40 strains are present in human choroid plexus
and ependymoma tumors. Virology 212, 710–717.previously recognized (Bergsagel et al., 1992; Carbone
Liang, P., and Pardee, A. B. (1992). Differential display of eukaryoticet al., 1994, 1996; Lednicky et al., 1995; Martini et al.,
messenger RNA by means of the polymerase chain reaction. Science1966), our results may be of more than just experimental 257, 967–971.
interest. Lill, N. L., Tevethia, M. J., Eckner, R., Livingston, D. M., and Modjitahedi,
N. (1997). p300 family members associate with the carboxy terminus
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